Introduction
The fractionation procedure developed by Chang and Jackson (1957) is frequently used in estimation of inorganic soil phosphorus (e.g. Kaila 1964 , Hartikainen 1979 . Phosphorus fractions bound by aluminium and iron oxides and phosphorus of calcium phosphates such as apatite are considered to be extracted successively in the procedure. The reagents used are known partly to extract soil aluminium and iron, but the amounts released besides phosphorus are infrequently determined. The aim of this study was to examine the simultaneous release of phosphorus, aluminium and iron in fractionation and to compare the extractability of aluminium and iron with their extractability by acid ammonium oxalate.
Material and methods
The material consisted of five mineral soil samples from the Viikki Experimental Farm, 141 JOURNAL OF AGRICULTURAL SCIENCE IN FINLAND (Ryti 1965 ). The organic carbon content was determined by a modified (Graham 1948) Alten wet combustion method.
The particle-size distribution of the inorganic matter of soil was determined by the pipette method (Elonen 1971) . The amorphous aluminium and iron were extracted by acid ammonium oxalate (0.18 M ammonium oxalate, 0.10 M oxalic acid, pH 3.3, 1:20 w/v) (Tamm 1922 ) and determined by atomic absorption spectrophotometry.
The soils were extracted by a modified Chang and Jackson (1957) fractionation procedure using a slightly alkaline NH 4 F (pH 8.5) as recommended by Fife (1959) . The extracts were analysed for phosphorus by a molybdenum blue method modified by Kaila (1955) and for aluminium and iron by atomic absorption spectrophotometry. Fractionation was carried out in triplicate.
Results and discussion
In the fractionation procedure, the extractability of phosphorus, aluminium and iron by 1 M NH 4 CI was poor (Table 2) . According to Kaila (1964 Kaila ( , 1965 and Hartikainen (1979) , the extractability of phosphorus by 1 M NH 4 CI is generally low in Finnish mineral soils. As an anion of a strong acid, CF cannot participate in ligand exchange reactions with phosphate complexed by aluminium and iron oxides. The content of phosphate extractable by NH 4 CI is worth mentioning only when the sorption capacity of soil is covered with phosphate. In the experimental soils, however, the ratio of fractionated phosphorus to oxalate-soluble aluminium and iron was low.
According to Kaila (1964) , the occurrence of phosphorus in the forms soluble in NH 4 F and NaOH is to some extent regulated by the molar ratio of active aluminium and iron contents in Finnish soils. More phosphorus was extracted by 0.1 M NaOH than by 0.5 M NH 4 F from soils No. 3 and 4 which contained more oxalate-extractable iron (mmol/ kg soil) than aluminium (Table 2 ). In the other soils, the NH 4 F-soluble fraction was greater than the NaOH-soluble one.
No aluminium was found in NH 4 F extracts and iron was poorly soluble ( Table 2 ). The fluoride-soluble iron in soils No. 1 and 2 amounted to 6-7 %, in the other soils to less than 2 % of the oxalate-soluble iron. Fluoride does not measurably complex ferric iron at a pH above 8.0 (Fife 1959) . Aleksandrova (1960) , the solubility of iron in 0.1 M NaOH is low. Because humic matter is extracted by NaOH and alkaline NH 4 F, it is possible that the iron released by these reagents is derived from humic complexes. The proportion of H 2 S0 4 -soluble phosphorus was high in soils No. 2, 4 and 5 which were predominantly coarse ( Amply of aluminium and iron was extracted by 0.25 M H 2 S0 4 (Table 2) which is an effective extractant of iron oxides (Hsu 1964 However, variscite and strengite are not likely to occur in normal agricultural soil. The solubility product of variscite controls the phosphorus concentration in solution only when the pH of the equilibrium solution is below 3.1 (Bache 1963) . At higher pH values, variscite dissolves incongruently, whereby a more basic solid phase of aluminium hydroxyphosphate is formed (Taylor and Gurney 1962 a, b, 1964) . Strengite is never likely to be in equilibrium with any soil solution (Bache 1963). According to the modern concept, adsorbed phosphate is more important in soil than dis-Crete phosphate compounds. In acid soil, phosphate is largely adsorbed through ligand exchange onto surfaces of aluminium and iron oxides. From this viewpoint, the soil phosphorus available is best extracted by solutions which release phosphate through ligand exchange without dissolution of aluminium or iron from the oxide surface. In the fractionation procedure the alkaline ammonium fluoride was the extractant best fulfilling these presumptions. The oxides of aluminium were largely dissolved by NaOH and H 2 S0 4 , the latter dissolving effectively also iron oxides. According to Khanna and Ulrich (1967) , in acid soils, the H 2 S0 4 -soluble phosphates cannot be designated solely as calcium phosphates. They may also include acid-soluble portions of occluded phosphates.
Although the selectivity of the extractants for different forms of phosphate is limited (Bromfield 1967 a, b, Vahtras and Wiklander 1970) and it varies in the original phosphate fraction during extraction (Bromfield 1970, Rajendran and Sutton 1970) , the fractionation scheme of Chang and Jackson does, however, provide information on the general trends of phosphate transformation reactions.
